Abstract: A photoacoustic module (PAM) for methane detection was developed by combining a novel 3.2 μm interband cascade light emitting device (ICLED) with a compact differential photoacoustic cell. The ICLED with a 22-stage interband cascade active core emitted a collimated power of ~700 μW. A concave Al-coat reflector was positioned adjacent to the photoacoustic cell to enhance the gas absorption length. Assembly of the ICLED and reflector with the photoacoustic cell resulted in a robust and portable PAM without any moving parts. The PAM performance was evaluated in terms of operating pressure, sensitivity and linearity. A 1σ detection limit of 3.6 ppmv was achieved with a 1-s integration time. 
Introduction
Photoacoustic spectroscopy (PAS) is a widely used spectroscopic technique for trace gas detection due to its advantages of high detection sensitivity and selectivity as well as compactness of the detection module [1] [2] [3] [4] [5] . Laser sources from the ultraviolet (UV) to the far infrared region (FIR) have been applied to environmental monitoring, industrial process control and noninvasive medical diagnostics [6] [7] [8] [9] [10] [11] . The photoacoustic transducer commonly used for sound wave detection in PAS is a microphone [12-14], a fiber tip [3, 6] or a quartz tuning fork [4, 5, 8, [15] [16] [17] [18] [19] [20] [21] . The principle of PAS is to detect the sound waves generated from the gas molecules upon absorption of the excitation radiation, whose frequency is resonant with the vibrational or rotational energy levels of the target gas molecule [2] . The fundamental vibrational or rotational absorption of molecules is more than two orders stronger in the mid-infrared (MIR) spectral region than in the near infrared (NIR) [22] [23] [24] . However, for spectroscopic-based trace gas sensing, the λ = 3-4 µm spectral range was referred to as the "mid-infrared gap" since commercially available quantum cascade lasers (QCLs) are limited to wavelengths >3. For some specialized spectroscopic chemical sensing applications and noninvasive analysis, broadband, incoherent radiation sources are preferred over single mode lasers due to their capability to cover a complete spectral absorption band of an analyte. Semiconductor light-emitting diodes emitting at wavelengths spanning 2-10 μm have been developed and commercialized [35] [36] [37] [38] [39] . Recently, interband cascade light emitting devices (ICLEDs, which are not strictly diodes) with 15 active stages reached a record continuous wave (cw) output power of ~1.6 mW when operated at T = 25 °C and I = 600 mA. However, the divergent emission from a MIR LED complicates the application of these novel light sources to spectroscopic chemical sensing.
To address this challenge in this work a miniaturized differential photoacoustic module (PAM) with two identical cylindrical resonators was designed to detect trace amounts of methane (CH 4 ). The PAM employed a novel, custom made ICLED with a 22-stage interband cascade active core, which emitted up to 2.8 mW of cw optical radiation at ~3.2 μm in a Lambertian profile at T = 25 °C and I = 600 mA [40] . An Al-coated concave reflector was positioned adjacent to a cylindrical resonator to enhance the effective absorption length. Because the ICLED and concave reflector both have small footprints, they could be embedded in the PAM to produce a robust and compact CH 4 detection module with no moving parts. The PAM performance was evaluated at different CH 4 concentration levels and pressures. The ICLED wafer was grown by molecular beam epitaxy in a Veeco GenII molecular beam epitaxy system [41]. The structure consisted of an n + -GaSb substrate, an n-GaSb buffer layer, a 22-stage interband cascade active core and an n + -InAs top contacting layer. The ICLED mesa with a diameter of 400 μm was fabricated by photolithography and dry etching using of a chlorine-based inductively coupled plasma process. The mesas were metallized with Ag/Ti/Pt/Au and subsequently electroplated with Au. A circular window with 750 µm diameter was created on the substrate side for the optical emission. A custom approach was used to mount each individual device epitaxial side down on a CuW heat sink [42] . The inset of Fig.  1(a) shows a photograph of the ICLED, which has chip dimension of 6.4 × 6.4 × 5 mm 3 . Figure 1(a) shows the ICLED's normalized, continuous wave emission spectra at T = 25 °C for injection currents of 70 mA and 120 mA. The spectra were measured by a compact 1/8 meter monochromator (Spectral Products CM110) with a spectral resolution of 10 nm. The ICLED emission spectrum centered at 3.2 µm (~3100 cm −1 ) covers the range 2.7-3.6 µm with a full width at half maximum of ~300 nm. This spectrum conveniently overlaps the ν 3 fundamental band of CH 4 , which is depicted in Fig. 1(b) Figure 2 illustrates the collimated ICLED output power for different injection current levels, as measured by a power meter (Ophir NOVA II). Shown for comparison is the analogous power vs. current for an earlier 15-stage ICLED that was processed with the same 400 μm mesa diameter for the study reported in [39] . Since both ICLEDs emit in a Lambertian divergence profile, the measured optical powers depend on the efficiency of the collection optics. A 4 mm focal length aspheric lens (Thorlabs model C036TME-E) was used to collect and collimate the ICLED emission. The aspheric lens has a clear aperture of 5 mm and is coated for antireflection in the 3-5 μm spectral range. At an injection current of 80 mA, the collimated output power of 357 μW from the 22-stage ICLED is 2.4 times higher than the power of 148 μW emitted by the 15-stage ICLED. At 260 mA the 22-stage ICLED emitted ~700 μW of collimated power, which is significantly larger than any commercially-available MIR LED products can produce. The maximum output power shown in the figure is limited by the compliance voltage of the current driver. Based on NRL's characterization of the total power emitted by the device in a Lambertian profile (up to 2.8 mW at I = 600 mA, which was obtained by dividing the collimated power by the collection efficiency) [40] , at least 30% more collimated power would be produced using a different higher driver compliance voltage.
Characterization of the ICLED
A mid-infrared laser camera (Electrophysics PV320) was used to measure the collimated spot size of the ICLED as a function of working distances as shown in Fig. 3 . The hyperbola-like curve showed a beam waist with diameter 6.8 mm at a working distance of 60 mm from the ICLED collimation lens. Beyond the beam waist, the spot size increased monotonically. The inset of Fig. 3 shows a MIR camera image of the ICLED beam spot at a working distance of 110 mm with T = 25 °C and I = 120 mA. 
Laser-embedded PAM design
A differential photoacoustic module was designed to include a photoacoustic cell, an ICLED and a reflector as illustrated in Fig. 4(a) . The photoacoustic cell based on the well-known Helmholtz design [46-48] has two identical 90 mm cylindrical gas resonators with diameters of 8 mm. Two buffer chambers with lengths of 10 mm and diameters of 20 mm are placed at both ends of the gas resonators to create a total optical absorption length of 110 mm. This allows the collimated beam from the ICLED to pass through the PAM. The two buffer chambers are sealed with CaF 2 windows of diameter 25.4 mm. When the excitation radiation was modulated at the resonance frequency of the photoacoustic cell, a standing sound wave formed in the presence of an absorbing gas has its maximum acoustic pressure in the middle of the gas resonator. Therefore, two electret condenser microphones are attached to the walls in the middle of each resonator to detect the acoustic pressure. Since only one of the two gas resonators is excited by the ICLED, the gas flow noise and external acoustic disturbances are effectively suppressed by using a differential preamplifier to subtract the signal from the two microphones [47] . The ICLED is mounted on a cooled aluminum radiation plate attached to a Peltier cooler, which is embedded into the PAM. The ICLED emission is collimated and directed to the cylindrical gas resonator. An Al-coated concave reflector with f = 50 mm is positioned by a precision kinematic mount adjacent to the excited gas resonator. The reflector provides a double absorption pass absorption in the gas resonator in order to enhance the amplitude of photoacoustic signal. The fundamental and first longitudinal modes of the photoacoustic cell have resonance frequencies of f 0 = 1799 Hz and f 1 = 5305 Hz, with quality factors of Q 0 = 42 and Q 1 = 24, respectively. Figure 5 shows the normalized resonance curves. Figure 4 (b) shows a CAD view of the laser-embedded PAM. The ICLED and the reflector are mounted together with the photoacoustic cell resulting in a compact and robust PAM. A custom differential pre-amplifier board is attached to the surface of the photoacoustic cell. Two gas tubes with outer diameters of ~3 mm for the gas inlet and outlet are connected to the photoacoustic cell's buffer chamber. The PAM is enclosed in a protective iron enclosure with dimensions of 4 × 4 × 15 cm 3 . Figure 6 depicts the experimental setup of the photoacoustic sensor system. The temperature of the ICLED was set to 25 °C (~room temperature) by means of a temperature controller (Wavelength LDTC 0520). The ICLED offset current was provided by a laser diode driver (ILX Lightwave LDX-3232) and the modulation current with a square signal and 50% duty cycle was produced by a function generator (Stanford Research System DS345). The ICLED injection current was modulated between 3 mA and 240 mA with a frequency of 1.799 kHz, corresponding to the fundamental resonance frequency of the PAM. The photoacoustic signal detected by the microphones was first processed by the differential pre-amplifier and then fed to a lock-in amplifier (Stanford SR830) to demodulate the signal in a 1f mode. The time constant and filter slope of the lock-in amplifier were set to 1 s and 12 dB/otc, corresponding to a detection bandwidth of 0.25 Hz. The demodulated signal was recorded by a personal computer and the data was processed with a LabView software program.
Experimental set up
A gas dilution system (Environics Inc. Model EN4000) was used to mix the 99.999% ultra-high pure N 2 and 450 ppmv CH 4 /N 2 (Airgas USA, LLC) with a 2% gas analytical uncertainty. The gas pressure and mass flow in the system were controlled and monitored by a compact pressure/flow controller (MKS Instruments type 649), a vacuum pump (Hanning Elektro-werke) and a needle valve (Swagelok-316). 
Results and discussion

Double pass evaluation
An Al-coated concave mirror with 50 mm focal length was used to reflect the ICLED beam back through the gas channel to double the absorption length. Figure 7 shows a comparison of the photoacoustic signals obtained for single-pass and double-pass absorption. The PAS cell was filled with 450 ppmv CH 4 and the pressure was maintained at 750 Torr. The double pass effectively increased the signal amplitude from 17.7 μV to 34 μV, an increase of 92%. The signal standard deviation 1σ changed slightly from 0.16 μV to 0.18 μV indicating that no additional noise was introduced into the sensor system. 
Pressure optimization
The photoacoustic signal amplitude is pressure dependent, which therefore requires that the pressure of the sensor system must be optimized. The 450 ppmv CH 4 /N 2 gas from the cylinder was fed to the gas dilution system and the gas pressure was controlled within the range 200-800 Torr by the pressure controller and a vacuum pump. Figure 8 shows the dependence of the photoacoustic signal on gas pressure, which indicates a linear relationship since the R-square value for linear fitting is 0.999. Since the photoacoustic detection sensitivity is determined by the pressure dependence of the microphone's sensitivity, the excited acoustic resonance of the PA cell and the V-T relaxation rate of the target gas. Both the excited acoustic resonance and V-T relaxation rate increase with total gas pressure [47, 49] . A more detailed explanation of the pressure dependence of a photoacoustic detection system can be found in [50] . In the following experiment a pressure of one atmosphere (~750 Torr) was selected to evaluate the CH 4 sensor system performance. Fig. 8 . Dependence of the photoacoustic signal amplitude on gas pressure.
CH 4 concentration evaluation
To evaluate the performance of the sensor system, different concentrations of the CH 4 /N 2 mixture varying from 100 ppmv to 450 ppmv were fed into the PAM by means of the gas dilution system. The PAM was operated at ~750 Torr pressure and at room temperature. A period of 5 minute was allowed to mix the gas evenly and flush the sensor system completely. Sixty data points at each concentration level were acquired with a 1-s averaging time. Figure  9 (a) plots the corresponding data. The signal amplitude observed for a 450 ppmv CH 4 /N 2 mixture was 34 μV. Based on the 1σ standard deviation of 0.16 μV, the detection signal-to-noise ratio (SNR) is derived to be 125, which corresponds to a minimum CH 4 detection limit of 3.6 ppmv. A background offset of 14 μV was observed for pure N 2 , which can be attributed to noise caused by the divergent ICLED emission. The double optical pass design increased the difficulty of the ICLED beam to clearly pass through the photoacoustic cell. The background offset cannot be removed by the differential PAM, but can be subtracted by the LabView calculation program. The linearity of the sensor performance was verified by measuring the signal for 5 different gas concentration levels. Figure 9 (b) plots the photoacoustic signals obtained when each concentration point was averaged with 60 acquired data points. Linear fitting gave an R-square value of 0.998, confirming the linearity of the sensor system's response to CH 4 concentrations.
Conclusions
In this work, we incorporated a 22-stage interband cascade LED that generates ~700 μW of collimated optical power into a compact photoacoustic module designed for sensitive CH 4 detection. Because the ICLED is unsuitable for traditional spectroscopic trace gas detection techniques such as TDLAS or cavity enhanced absorption spectroscopy (CEAS) [51], due to its divergent beam and broad spectral emission, we designed a differential photoacoustic cell that accommodates the emission profile and suppresses background noise. The ICLED's small footprint (~0.2 cm 3 ) makes it possible to assemble all of the PAM components into an enclosed, compact unit with no moving parts, ultra-stability, and high portability. With a 1-s integration time, the assembled system displays a minimum detection limit of ~3.6 ppmv for CH 4 . Further improvement should be possible by configuring a concave Herriott cell reflector with a center hole in front of the PAS cell to enable multi-pass optical absorption. Strategies are also being explored to further enhance the ICLED output power and efficiency. 
